The mechanism of resting or nocturnal angina relative to primary alterations in myocardial oxygen supply or demand (MVO2) is still uncertain. We studied 23 patients (15 males, eight females, ages 45-83 years) with coronary artery disease (CAD) and rest angina using electrocardiographic and hemodynamic monitoring by intra-arterial line and Swan-Ganz thermodilution catheter. Data were recorded continuously on magnetic tape for 11-43 hours. Cardiac index (CI) was measured every 2 hours and at onset of and after relief of pain. In the absence of pain during sleep, mean arterial pressure (MAP) and heart rate fell significantly (p < 0.01), with minor decreases in right atrial pressure, pulmonary artery systolic (PASP) and pulmonary artery diastolic (PADP) or wedge pressures. CI and stroke index (SI) varied only slightly. Five patients did not develop pain during study; seven others experienced episodes of pain acceptable as ischemic, but not associated with significant electrocardiographic or hemodynamic changes, and showed poor, delayed or variable responses to nitroglycerin (NTG). In the remaining 11 patients, reproducible episodes of pain were always preceded (average 8 minutes, range 3-22 minutes) by ischemic electrocardiographic changes and increases in PASP (25.0 ± 1.1 to 47.6 ± 4.0 mm Hg,p < 0.001), and in PADP (10.9 ± 0.8 to 26.6 + 1.1 mm Hg, p < 0.001) with decreases in SI (32.1 ± 2.5 to 27.7 ± 1.9 ml/beat/m2, p < 0.001). All 11 patients responded promptly and predictably to NTG. Two patients had transient hemodynamic and ischemic electrocardiographic changes without pain, usually at night. In seven of 11 patients, PASP was the first hemodynamic variable to change; the remaining four had concomitant increases in MAP. Subsequent increases in MAP occurred in six patients with no change or a decrease in levels with the onset of pain in two. In three patients, MAP increased during some episodes, remained unchanged in some, and decreased in others, especially in those associated with ST-segment elevation during pain. At the onset of electrocardiographic and hemodynamic changes and before the onset of pain, the double product (heart rate X systolic arterial pressure) was unchanged in seven patients and increased slightly in four. The overall data indicating the development of acute left ventricular failure associated with ischemic electrocardiographic changes, but without significant alterations in the major determinants of MVO2 at the onset of the ischemic episode raise the possibility of a spontaneous reduction in myocardial perfusion as a primary mechanism of rest angina in many patients with CAD.
rate (HR) during pain.6'-3 The data from studies8' 12, 13 in which the time course of changes in hemodynamic variables such as left ventricular (LV) filling pressures and cardiac output (CO) were measured are not consistent, especially in relation to the electrocardiographic alterations12-14 preceding the onset of pain.
In this study we investigated the mechanism of spontaneous angina with or without electrocardiographic changes by analyzing continuous hemodynamic and electrocardiographic changes recorded on magnetic tape. This technique, in contrast to the use of direct pen recorders,", 13 permits subsequent analyses of data on a variety of time bases. Second, we delineate the differences which may exist in these parameters in spontaneous angina during waking and sleeping hours in relation to the diurnal variations in hemodynamics in patients with coronary artery disease (CAD).
Patient Selection
Twenty-three patients, 15 men and eight women (age 45-83 years), consented to enter the study. The protocol and consent forms were approved by the Cedars-Sinai Medical Center Committee on the Use of Human Subjects. Criteria for inclusion of patients were: 1) evidence of CAD as documented either by 75% obstruction of at least one major vessel at angiog-955 raphy (14 patients), subsequent autopsy examination (one patient), a well-documented history of a previous myocardial infarction (seven patients), or transient ST-segment depression 2 mm during pain (one patient); 2) history of exertional angina relieved by rest or nitroglycerin; 3) history of chest pain at rest in the hospital, but with the same characteristics as that occurring with exertion, in the absence of an identifiable precipitating stress factor, with at least one episode a day for the 2 days before entry into the study.
Patients whose chest pain consistently lasted more than 10 minutes and those whose episodes of pain occurred only after meals were not included in the study. Patients with clinical or radiologic signs of cardiac failure or cardiomegaly, or who had elevated serum levels of myocardial enzymes, were also excluded.
Methods
We measured AP using a 2-inch, 21-gauge arterial cannula inserted percutaneously in the radial artery. Pulmonary artery (PAP), pulmonary capillary wedge (PCWP) and right atrial pressures (RAP) were measured through a #7 French triple-lumen Swan-Ganz catheter inserted by cutdown into the antecubital vein or percutaneously into the internal jugular vein. We measured CO in triplicate by thermodilution. 15 The arterial and pulmonary artery catheters were connected to Statham P23DB pressure transducers and Hewlett-Packard pressure amplifiers; outputs were displayed on an oscilloscope screen. Both catheters were filled with heparinized 5% dextrose solution and flushed at least once every hour to maintain patency. The reference for pressures was taken at the mid-chest level. The individual values for pressures were taken by averaging the measurements over two respiratory cycles. We used a VR-3300 DataTape magnetic tape (Consolidated Electrodynamics) recorder to collect pressure tracings and a modified V5 lead to monitor electrocardiographic changes. At the end of the study, the data recorded on tape were recorded on a six-channel Clevite Brush Mark 200 ink recorder at various paper speeds for the analysis of beat-to-beat and directional changes in hemodynamic and electrocardiographic parameters.
We calculated derived hemodynamic indices from the measured variables as follows: CI = CO/body surface area (1/min/m2); SI = SV/body surface area (ml/beat/m2); SVR = 80 (AP-RAPLmm Hg/CO (1/min) (dyn-sec-cm-5); SWI = (AP-PCWP or PADP) X SI X 0.0136 g-m/beat/m2; and PVR = 80(AP-PCWP mm Hg)/C) (1/min) (dyn-sec-cm-5) where CI = cardiac index, SI =stroke volume index, SV = stroke volume, SVR = systemic vascular resistance, SWI = stroke work index, PADP = pulmonary artery diastolic pressure, and PVR = pulmonary vascular resistance.
Protocol
After the patients had consented to the study, we placed the arterial and pulmonary artery catheters and obtained a complete set of measurements, which were repeated every 2 hours for an average of 22 hours (range hours). Additional measurements were made both at the onset and the relief of chest pain. Measurements taken immediately before, during or within the first hour after a meal have been analyzed separately and will be reported elsewhere.
We usually performed our studies between 5-7 p.m. Patients were placed in a coronary care bed and their activities limited to bed rest with bathroom privileges; relatives and friends were not allowed to visit longer than 5 minutes per hour during waking hours, and patients were not allowed access to radio or television. We instructed patients to activate an alarm switch immediately upon the onset of chest pain, and to inform the investigator about the onset of relief and the precise time at which total relief was achieved. Nitroglycerin (0.3 mg) was given sublingually immediately after the measurement of the CO after the onset of pain.
We obtained a 12-lead ECG at the beginning and at the end of the study, as well as during one episode of chest pain and after its relief. Serum levels of myocardial enzymes were measured three times daily for 24-48 hours before entry into the study and once daily during the study and for 2 days thereafter. During the study, and for at least 12 hours before, all medications except sublingual nitroglycerin were discontinued. In some patients, propranolol therapy was tapered during the 48 hours preceding the study; no rebound increase in angina was noted in any of the patients. Throughout the study, the patient's activity and general status were constantly monitored by a nurse and one of the investigators. One investigator (JF) witnessed all episodes of chest pain reported.
Results
The relevant clinical features of the 23 patients who were studied are summarized in table 1. Eighteen patients developed chest pain during the study, each experiencing more than one episode of pain (average four episodes per patient; total 79 episodes). Two patients developed acute myocardial infarction I and 18 days after the study, respectively. Both patients died subsequently, one from cardiac rupture and the other in cardiogenic shock after acute infarction.
Diurnal Variations in Hemodynamic Functions at Rest
The average values of the measured and derived hemodynamic variables during the morning (7 a.m. to 12 noon), the afternoon-evening (noon-10 p.m.) and at night during sleep are shown in table 2. The values represent measurements taken during complete rest and at least 1 hour after meals, or 1 hour after an episode of ischemia with or without chest pain. A decline in AP during sleep was the most consistent finding, which occurred in all patients except two, in whom it remained unchanged. In no instance did the AP increase (range up to 40 mm Hg) for longer than 60 seconds during sleep. HR was slower during diurnal variation in CI and SI, although SWI was significantly decreased in association with a lower SVR at night. 956 CIRCULATION Abbreviations: MI = myocardial infarction; NTG = nitroglycerin; CABG = coronary artery bypass graft; N = normal; + = present; -= absent or not performed.
Electrocardiographic Changes and Myocardial Ischemia
Eleven patients developed acute STand T-wave changes during pain and were designated group 1. Seven patients who did not develop electrocardiographic changes during pain were designated group 2. Patients who did not develop pain during study were designated group 3. The extent of CAD, the status of LV wall abnormality, history of myocardial infarction and therapy with propranolol or nitrates were comparable in patients from groups 1 and 2. The LV ejection fraction (EF) for group 1 patients was 0.42 ± 0.11 (mean ± SEM, n = 7) and 0.44 0.10 (mean + SEM, n = 7) for group 2 patients. All patients in group 1 had ST-segment depression > 1 mm, including patients 5 Abbreviations: AP = arterial pressure; CI = cardiac index; DAP = diastolic arterial pressure; HR = heart rate; BP = blood pressure; PADP = pulmonary artery diastolic pressure; PASP = pulmonary artery systolic pressure; PCWP = pulmonary capillary wedge pressure; PVR = pulmonary vascular resistance; RAP = right atrial pressure; SAP = systolic arterial pressure; SI = stroke index; SVR = systemic vascular resistance; SWI = stroke work index. group 1 patients. In each instance, electrocardiographic changes regressed completely within 4 minutes after complete relief of pain.
In five patients from group 1, we observed transient electrocardiographic changes compatible with myocardial ischemia in the absence of chest pain. Such changes occurred mostly during sleep.
Hemodynamic Changes
Group I Table 3 summarizes the overall hemodynamic data in group 1. Hemodynamic alterations accompanying different episodes of ischemia in the same patient were usually reproducible with respect to the magnitude and the time course of change. Data pertaining to alterations in systolic and diastolic arterial pressure (SAP and DAP), PADP and HR from two patients, each experiencing three episodes of spontaneous angina, are presented in figure 1. Changes in hemodynamic functions preceded the onset of pain by an average of 8 minutes (range 3-22 min). In each instance, PAP or PCWP increased before elevation of AP was also found. In two patients, AP either did not change or even decreased with the onset of pain ( fig.  2 ). In the remaining three patients, AP increased in some episodes of angina and decreased or did not change in others. Two of these three patients had variable electrocardiographic changes with STsegment elevation in most episodes of pain and STsegment depression in others. ST elevation was often, but not always, associated with a decrease in AP. The PAP was the first hemodynamic variable to change in relation to chest pain in seven patients (table 4) . PAP increased concomitantly with changes in AP in the remaining four. After the onset of pain in seven of the eight patients in whom AP had increased, there was a further increase in this variable. In seven patients, PAP rose to higher levels after the onset of pain ( fig.  2 ). Hemodynamic changes also occurred during each of the episodes of transient ischemic electrocardiographic changes unassociated with pain; these changes were similar to those which were accompanied by pain, but generally less striking.
RAP increased slightly in every patient at the onset of pain (tables 3 and 5). HR increased > 5% before the onset of pain in only five patients. In no case, however, was the HR the first variable to change.
With the onset of pain, a further increment in HR was found in five patients, but the magnitude of change was usually < 10%. CI tended to decrease during pain, although the overall change was not statistically significant. However, SI decreased in every patient, and the mean change from control values was statistically significant (p < 0.01). SWI decreased in seven patients (table 5) . SVR increased significantly at the onset of pain (table 5) . When the changes in AP and SVR before and at the onset of pain were compared, we found that patients who had the highest resting SVR were those in whom AP did not increase at the onset of or during pain ( fig. 3 ). Myocardial oxygen demand, as judged by the product of HR X SAP, increased in eight patients at the onset of pain, with a further increment occurring thereafter. At the onset of ischemic electrocardiographic changes, however, this double product remained unchanged in seven patients, and increased minimally in four. In the two patients who had ST-segment elevation as well as ST-segment depression during different episodes of ischemia, the double product remained unchanged at the onset of pain in all episodes.
In six patients, the double product in the absence of ischemia had occasionally been higher than at the onset of the ischemic episode. In addition, in five patients with ST-segment depression during pain, the double product at the onset of pain differed by more than 20% between the two episodes of pain in the same patient. Group 2
The overall hemodynamic data for group 2 are presented in The response to nitroglycerin was classified as: optimal (2+) when the relief of pain occurred within the first 3 minutes after the administration of the drug; Data under control conditions (C), during peak chest pain (CP) and after relief of pain (R) represent mean values for all the episodes for each patient (see table 1 for number of episodes). P values represent levels of statistical significance between peak hemodynamic effects and control. *P <0.01. tP <0.001. tp <0.0001. Abbreviations: see table 2. PCW (68%, p < 0.001), RAP (39%, p < 0.001), PVR (28%,p < 0.001) and AP (14%,p < 0.01). CI, SI and SWI tended to increase, but not significantly. SVR was significantly decreased (17%, p< 0.01), although not uniformly (see table 5 ). HR tended to decrease, but the differences were statistically significant (5%, p < 0.02) only when compared with maximal hemodynamic effects.
In five patients PAP was the first parameter to change under the influence of nitroglycerin. In the remaining six, there was a concomitant fall in PAP and AP. We observed a precipitous fall in AP and PAP in patient 6 when nitroglycerin was administered 5 minutes after morphine sulfate 5 mg i.v. The adoption of the Trendelenburg position and the administration of metaraminol 0.5 mg i.v. promptly reversed the hypotension, chest pain and electrocardiographic ischemic changes. During the transient hypertension that occurred after the administration of the vasopressor agent, we noted no ischemic changes or chest pain. In three patients the time course of hemodynamic and electrocardiographic changes during the spontaneous relief of pain was compared with that induced by nitroglycerin during different episodes. Figure 5 shows one example. The trend in changes is similar in both instances: Nitroglycerin produced a more pronounced and prompt decline in AP and PAP.
All patients in group 2 except patient 12 demonstrated suboptimal, inconsistent or no response to nitroglycerin (table 5). The hemodynamic changes produced by nitroglycerin were also much less striking than in patients in group 1. Nocturnal Angina Seven patients were awakened at night by additional episodes of spontaneous angina. Five were from group 1 and two from group 2. Patients from group 1 had striking electrocardiographic and hemodynamic alterations preceding the onset of pain, while patients in group 2 had none. No patient recalled having had dreams before being awakened by pain. The trends in hemodynamic and electrocardiographic changes and in the response to nitroglycerin in group 1 were similar to those in the episodes which occurred during waking hours in the same patients. However, in three patients the changes in AP were less pronounced than they were during episodes of pain during waking hours. In the remaining two patients, the AP decreased before the onset of pain.
Discussion
In this study, angina associated with acute ischemic electrocardiographic changes in patients at complete bedrest and with no precipitating causes was always preceded by increases in AP, PAP, LV filling pressure (LVFP) and SVR, and by decreases in SI (group 1 patients). The reduction in SV with an increase in LVFP indicates an impairment of LV function, which is a well-documented correlate of myocardial ischemia 961 VOL 59, No in angina during exercise or after atrial pacing. [16] [17] [18] [19] In each instance nitroglycerin promptly relieved the pain, and PAP and LVFP declined quickly, with minor, variable changes in AP, HR, SI and SWI. In contrast, in other patients (group 2) with documented advanced CAD and pains not associated with acute electrocardiographic changes, there were no hemodynamic alterations before the onset of pain. The results of our studies do not indicate whether ischemia was the basis of the observed chest pain in these patients. Nevertheless, we must consider the possibility that the patients in group 2 failed to develop hemodynamic and electrocardiographic changes during pain because the overall extent of ischemia was not sufficiently large to be reflected in one precordial ECG or in measurable hemodynamic changes. If this were so, however, a more favorable response to nitroglycerin might have been expected. The difference in the ages of patients in groups 1 and 2 (mean ages 69 vs 58 years) may also be significant in this regard, since age-related changes in LV compliance or function may alter the expected hemodynamic and electrocardiographic responses to ischemia. However, the incidence of previous myocardial infarction was similar in both groups, as were the basal values for PCWP (9.40 i 0.9 vs 8.6 ± 1.2 mm Hg), CI (2.40 ± 0.13 vs 2.42 i 0.17 1/min/m') and LVEF (0.42 ± 0.11 vs 0.44 ± 0.10). It is unlikely, then, that differences in LV dysfunction accounted for the observed differences in the electrocardiographic and hemodynamic changes during pain in the two groups of patients. It is therefore uncertain whether group 2 patients did indeed have myocardial ischemia during pain. Metabolic studies with coronary sinus sampling for gradients of lactate and oxygen tension may be helpful in further elucidating the mechanism of pain in such patients.
There have been few published reports'3 dealing with the continuous monitoring of AP, PAP, HR and ECG with sequential measurements of CO in patients with resting angina. In our study, PAP and PCWP were the first hemodynamic variables to change, either by themselves (four patients) or in conjunction with alterations in AP (seven patients). These observed increases in PCW before the onset of pain are in agreement with the results of other studies,6 12, 13 although our findings are more consistent. In contrast, our data on alterations in AP are less uniform. As previously reported,6' 1"3 a progressive increase in AP occurred in most but not all patients. In four patients, however, AP either did not increase or fell before the onset of pain, and there was no subsequent increase. This is in contrast to the initial decrease with a subsequent rise in AP found by Guazzi et al.,'3 who also reported that the increases in PCWP in their patients had reached almost maximal levels within 60 seconds, essentially before the hypertensive phase. This feature was not apparent in our patients. CI decreased slightly during pain in most of our patients, which agrees with other reports,'0' 20 but differs from that of Guazzi et al., '3 who found increases in CI during pain preceded by decreases at the very onset of the electrocardiographic alterations. The reason for these conflicts is not certain, although the lower resting CI (2.5 vs 3.6 1/min/M2) and higher PCWP during pain (25 vs 18 mm Hg) in our patients may be significant factors.
Our data confirm and extend observations which suggest that episodes of ischemia on electrocardiographic evidence may occur without pain at rest as 23 We found similar patterns of hemodynamic dysfunction in our patients during episodes with ST-segment depression as well as during those with ST-segment elevation. Electrocardiographic and hemodynamic changes were identical during episodes of angina during both waking and sleeping hours in the same patient, with increases in PAP preceding the onset of pain, as has also been reported by Roughgarden and Newman.6 In their study, as in ours, the patients denied that they had been dreaming before being awakened by pain, findings consistent with those of Karacon et al.,2' who found no relationship between nocturnal angina and REM sleep.
Increases in HR and AP in a number of our patients did not always occur before or during resting and nocturnal angina, suggesting that myocardial ischemia in these cases is not triggered by a primary increase in myocardial oxygen demand. This possibility is further supported by our observation as well as that of others6 that such patients are frequently able to tolerate greater increases in AP and the double product (HR X SAP) than those found at the onset of resting ischemia. Furthermore, patients with rest angina required a substantially higher double product to provoke angina by atrial pacing than that found during spontaneous angina. 5 It is possible that the progressive increases in AP before the onset of pain (but after the onset of ischemia) frequently associated with progressive but moderate increases in HR may be caused by enhanced sympathoadrenal activity triggered by ischemia itself.25' 26 Studies in pacing-induced angina have demonstrated increases in AP during ischemia but not in normal subjects or in patients with CAD without angina. '7' 27 Moreover, patients performing treadmill exercise have exhibited rather sharp increases in AP at the onset of ischemia (judged by electrocardiographic changes) before the onset of pain.26 In rest angina the increases in AP may accompany or be preceded by the electrocardiographic changes.6' 12, 13 In these cases it is not certain whether the observed increase in AP is merely an accompaniment rather than the cause of ischemia or whether it is secondary to coronary vasoconstriction, as indicated by the spon- The reason for the absence of an increase in AP in four of our patients in group 1 during spontaneous myocardial ischemia is not apparent from our data. However, these were also the patients in whom an elevation of PAP was the first measured hemo- TIME, min FIGURE 4. Sequential changes in systolic and diastolic arterial pressures (SAP and DAP), pulmonary artery diastolic pressure (PADP) and heart rate (HR) in the 11 patients in group 1 during rest angina. The points at which the values were taken from the continuous recording were, from left to rightt: 1) 0 or control, taken in each patient 2 minutes before the end ofischemic electrocardiographic changes; 2) onset ofischemic electrocardiographic changes; 3) onset ofpain; 4) maximal hemodynamic changes; and 5) relief ofpain by nitroglycerin (NTG). For clarity ofpresentation, the time intervals between two consecutive values is the average for the 1I patients. At the onset of ischemic electrocardiographic changes there were small and inconsistent changes in SAP, DAP and HR, whereas the PADP increased uniformly. At the onset ofpain there was a definite increase in arterial pressure in some patients (see text), a modest increase in HR, and a striking increase in PADP. These changes reached a peak before the relief ofpain induced by sublingual NTG. This was associated with afall in each ofthefourparameters; the drop in PADP was particularly conspicuous. dynamic change, and who, as a group, had the highest levels of SVR under control conditions. Such patients may have unusually high vascular reactivity, and their angina might have resulted from coronary arterial spasm with transmural myocardial ischemia, minimizing the expected hypertensive reaction. Indeed, two of our patients who had ST-segment elevation during pain had the most pronounced fall in CO, as others have reported recently in similar patients.13 Moreover, the further increases in AP that occurred after the onset of pain in other patients as well as in some described by other workers5' 6, 12, 13 were not apparent in some of the episodes of pain which were associated with ST-segment elevation, but do occur in Prinzmetal's angina. 23 28, 29 Coronary blood flow and myocardial metabolic derangements before and during the onset of rest angina were not measured in the present study, but the time sequence of the hemodynamic and electrocardiographic changes suggests that acute LV failure is the initial abnormality in rest angina. The mechanism of this is not certain, but in the absence of unequivocal increases in the major determinants of myocardial oxygen demand, a primary decrease in coronary perfusion may be implicated. A primary increase in venous return as a mechanism for the acute LV failure in this setting can be discounted since the ischemic electrocardiographic changes always occurred virtually simultaneously with the rises in PADP. Similarly, in a few patients whose CO could be measured during the initial phase before the onset of pain, CI did not increase as might be expected after an increase in venous return. In our patients CI was either unchanged or fell at this time, as has also been noted by Guazzi ). The changes produced by NTG were more striking and in spite of the pronouncedfall in ABP, there was no reflex increase in HR. In both instances the decrease in PAP occurred somewhat earlier than that in ABP. When pain was relieved spontaneously, the decrease in ABP was minimal and there was no change in HR.
variables, changes in contractility cannot be monitored without recourse to an indwelling, highfidelity LV catheter. The role of beat-to-beat changes in contractility as a primary mechanism of rest angina could not therefore be assessed in our studies. However, an augmentation in the contractile state independent of HR in spontaneous angina appears unlikely, especially because in these patients whose CI could be measured before the onset of ischemia, no increases in CI could be demonstrated. Thus, although LV contractility and volume were not measured directly in our studies, these considerations suggest that a primary alteration in these variables and in HR and AP is an unlikely mechanism of rest or nocturnal angina. The data are more consistent with the development of myocardial ischemia independent of changes in the determinants of myocardial oxygen demand, raising the possibility that the observed electrocardiographic and hemodynamic abnormalities may be triggered by primary deficits in coronary perfusion.
The importance of the present study was the opportunity to observe with continuous monitoring the chronological sequence of the electrocardiographic and hemodynamic precursors and correlates of rest and nocturnal angina in patients with angiographically documented CAD. Hemodynamic changes invariably occurred before the onset of pain, but only in those patients who had acute ischemic changes on the ECG. The most consistent changes were elevations in PCWP and PAP, with variable increases in AP and SVR and decreases in SI. The electrocardiographic and hemodynamic alterations, which also occurred in the absence of pain in some patients, spontaneously regressed to normal levels within 15 minutes after sublingual nitroglycerin administration. ST-segment elevations and depressions accompanied pain in different episodes of ischemia in the same patient, but ST-segment elevation was more often associated with decreases in AP. In most patients the observed increases in AP and SVR appeared to be secondary to myocardial ischemia. The hemodynamic and the electrocardiographic accompaniments of nocturnal angina in this study did not differ significantly from those found in rest angina during waking hours. The overall data, indicating the development of acute LV failure associated with ischemic electrocardiographic changes, but without significant alterations in the major determinants of myocardial oxygen consumption at the onset of the ischemic episode, suggest that the primary mechanism of rest angina in many patients may be related to spontaneous reduction in myocardial perfusion, the nature of which merits further investigation.
